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YeastAlthoughmitochondria are essential organelles for long-term survival of eukaryotic cells, recent discoveries in
biochemistry and genetics have advanced our understanding of the requirements for mitochondria in cell
death. Much of what we understand about cell death is based on the identiﬁcation of conserved cell death
genes in Drosophila melanogaster and Caenorhabditis elegans. However, the role of mitochondria in cell death
in these models has been much less clear. Considering the active role that mitochondria play in apoptosis in
mammalian cells, themitochondrial contribution to cell death in non-mammalian systems has been an area of
active investigation. In this article, we review the current research on this topic in three non-mammalian
models, C. elegans, Drosophila, and Saccharomyces cerevisiae. In addition, we discuss how non-mammalian
models have provided important insight into the mechanisms of human disease as they relate to the
mitochondrial pathway of cell death. The unique perspective derived from each of these model systems
provides a more complete understanding of mitochondria in programmed cell death. This article is part of a
Special Issue entitled Mitochondria: the deadly organelle.ondria: the deadly organelle.
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Apoptosis and other forms of programmed cell death have been
investigated for the past century using genetically tractable non-
mammalian eukaryotes such as Drosophila melanogaster and Caenor-
habditis elegans. These studies have facilitated the characterization of
a large number of conserved genes and signaling networks. Most of
these networks are at least partially conserved in mammals, including
those that regulate programmed cell death. Apoptosis is by far the
best studied of the cell death mechanisms. Caspases, the critical
effector proteases of apoptosis, were ﬁrst identiﬁed in a screen for C.
elegans mutants lacking developmental programmed cell death [1].
Sequence similarity between the worm CED-3 gene and a mammalian
protein (ICE, Caspase-1) assigned protease function to this gene [2].
Similar to the orthologous CED-9, Bcl-2 was shown to promote cell
survival [3]. The inhibitor of apoptosis (IAP) proteins were originally
identiﬁed as cell death inhibitors in baculoviruses that infect insect
cells and were later found to be essential regulators of apoptosis in
Drosophila [4,5] and mammals [6,7]. The central pro-apoptotic
regulators in Drosophila, Reaper, Hid, and Grim, were found to
antagonize IAP-mediated caspase inhibition [8–12]. In addition to thefundamental contribution of non-mammalian models to the under-
standing of apoptotic cell death, genetic screens for mutants affecting
autophagy, primarily in S. cerevisiae, have identiﬁed and partially
characterized most of genes involved in this process [13]. Only
recently have the autophagy pathways become avidly studied in
mammals [14] or shown to contribute to cell death [15]. Studies in
multiple organisms have provided valuable insight into cell death
mechanisms that can only come from viewing a problem from
multiple perspectives. However, there appears to be a dichotomy
regarding the role of mitochondria as a central component of the
apoptotic machinery, between mammals and other eukaryotes [16],
and even between different non-mammalian eukaryotes [17].
In mammalian systems, mitochondria are intimately involved in
the intrinsic cell death pathway. The pro-apoptotic Bcl-2 members
BAX and BAK, BID, and others, initiate the mitochondrial cell death
pathway by permeabilizing the mitochondrial outer membrane. Pro-
apoptotic factors released from the mitochondria include cytochrome
c (Cyt-c), which binds to the adaptor protein Apaf-1 causing
activation of Caspase-9 and downstream caspases. In addition to the
release of Cyt-c, there are additional mitochondrial alterations that
may contribute to cell death in mammals. These include disruption of
electron transport, oxidative phosphorylation, and adenosine triphos-
phate (ATP) production, release of other proteins that trigger caspase
activation, and changes of cellular reduction–oxidation (redox)
potential [18]. Additionally, these organelles undergo signiﬁcant
ultrastructural changes during apoptosis. Considering the active role
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become the prime suspects in the search for additional apoptotic roles
non-mammalian eukaryotes. As mammalian cells have been found to
die by potentially multiple mechanisms other than apoptosis, there is
a growing need to explore the cell death mechanisms of multiple
model organisms to develop a complete understanding of genetically
controlled cell suicide. In this review, we discuss the current research
on the role of mitochondria in programmed cell death in three non-
mammalian models, C. elegans, Drosophila and yeast. Understanding
the similarities and differences in these models will help identify the
conserved functions of mitochondria in cell death.
2. Cell death pathways in non-mammalian models: mitochondria
as a docking site
In C. elegans, most cell death events are under the control of the
central apoptotic pathway composed of the BH3-only protein EGL-1,
the Bcl-2-like protein CED-9, the Apaf-1-like protein CED-4, and the
caspase CED-3 [19]. In healthy cells, CED-9 sequesters CED-4 to
mitochondrial membranes [20–23]. In cells destined to die, binding of
EGL-1 to CED-9 disrupts its interaction with CED-4 [21,24,25].
Released CED-4 forms an octamer, translocates to perinuclear
membranes, and activates the processing of CED-3, thereby initiating
CED-3-dependent apoptosis [21,26–29] (Fig. 1B).
In addition to this ‘direct’ pathway of apoptosis induction, several
lines of evidence suggest the existence of an ‘indirect’ pathway
involving additional pro-apoptotic factors [30]. First, the inhibition of
cell death seen in a weak ced-3 loss-of-function mutation is enhanced
by the loss of ced-9 function [31]. Hence, CED-9 has both anti-
apoptotic and pro-apoptotic functions. In healthy cells, CED-9
sequesters CED-4, but in dying cells, CED-9 also has a pro-apoptotic
function, as well as non-apoptotic functions related to mitochondrial
dynamics (see Section 5). Second, some of the CED-4 protein localizes
to the perinuclear membranes at permissive temperature in a ced-9
temperature-sensitive mutant (ced-9 (n1653ts)) without causing
apoptosis [21]. Even though it cannot be excluded that the level of
perinuclear CED-4 in this mutant is below a pro-apoptotic threshold,
this experiment suggests that release of CED-4 from mitochondria is
not sufﬁcient to initiate apoptosis. This would leave a room for an
CED-4 activation step potentially analogous to Cyt-c activation of
mammalian Apaf-1 leading to caspase activation (see Section 4).
In Drosophila, the pro-apoptotic regulators Reaper (Rpr), Hid,
Grim, and Sickle (known collectively as RGH proteins) regulate
apoptosis [8,32–34]. These factors induce apoptosis by binding to the
Drosophila Inhibitor of Apoptosis Protein 1 (DIAP1), thereby inhibiting
DIAP1 function, and this is followed by the activation of the effector
caspases [16]. DIAP1 is the key anti-apoptotic molecule in Drosophila
that ensures cell survival by inhibiting caspase activity through direct
binding and/or by ubiquitylation of caspases and other pro-apoptotic
proteins [35]. Dronc, a CED-3/Caspase-9-like apical caspase, is
required for most developmental apoptosis [36]. Dronc associates
with the Apaf-1/CED-4-like protein Dark and becomes activated, in
turn activating the effector caspases [37–39]. Current models suggest
that Dronc activation is constitutive in most cells [17] (Fig. 1A).
Yeast are a more recent addition to the list of model organisms
used to study programmed cell death, and the topic of yeast cell death
remains at the fringes in both the cell death ﬁeld and the yeast
genetics ﬁeld. One of the hurdles to overcome in the study of yeast cell
death was the long-standing assumption that single-cell species have
no need of cell suicide pathways and, therefore, lack evolutionary
pressures to develop suchmechanisms. However, this notion has been
challenged and more recently overturned, in part due to revision of
evolutionary theories regarding group selection. The yeast cell death
ﬁeld was further challenged by the difﬁcult task of establishing
experimental models to compellingly demonstrate that yeast have a
purpose in dying in the absence of multicellular development.Nevertheless, several intriguing approaches have provided important
insight, including evidence that yeast cell death plays a role in
responding to viruses [40,41]. In addition, the relationship between
young and old yeast cells in a colony, which presumably reﬂects
physiologically relevant events in the environment, have revealed
that the death of old cells in a colony is essential to sustain younger
cells, and some of the genes and signaling molecules required for this
process have been identiﬁed [42,43]. Analogous studies in liquid
cultures have suggested that programmed cell suicide by a large
portion of the population ensures long-term survival of the species, as
cultures of cell death-resistant strains apparently consume the
dwindling nutrient supply and all cells ultimately die [44].
Deﬁnitions of programmed cell death and the cell death nomen-
clature applied to yeast cell death further contribute to the
controversies. For example, apoptosis has been applied to mean
programmed cell death in general but can strictly refer to caspase-
dependent cell death [45,46]. The existence of cell death pathways in
yeast that resemble in part mammalian cell death pathways is
supported by the fact that yeast encode several homologs of
mammalian cell death regulators, but they lack many others. Yeast
appear to lack the conserved caspase-activating apoptosome found in
mammals, ﬂies, and worms, as yeast lack both an Apaf-1-like factor
and a true caspase. However, yeast do encode a metacaspase Mca1/
Yca1 that is related to plant metacaspases and appears to contribute
importantly to yeast cell death induced by a multiple (but not all)
stimuli based on genetic studies [47]. It is unclear if this yeast
metacaspase, which lacks the Asp-cleaving activity characteristic of
caspases, might have additional caspase-like functions. Thus far, the
closest analogy is the identiﬁcation of a conserved protein in humans
(p100/SND1) and plants (TSN/Tudor staphylococcal nuclease) that is a
substrate of human caspase-3 and of a plantmetacaspase, respectively,
during cell death [48]. Yeast also lack sequence similarity to Bcl-2
family proteins, although the existence of structural or functional
equivalents in yeast cannot be ruled out. For example, several Bcl-2-
like viral proteins that lack amino acid sequence similarity to Bcl-2
have been identiﬁed by 3-dimensional structure determination (e.g., 9
different ORFs in the vaccine strain of vaccinia virus) [49]. Although
yeast lack recognizable homologs of the Drosophila IAP inhibitors
Reaper, Grim, and Hid, they do encode a protein containing an N-
terminal BIR domain analogous to IAP proteins. Yeast Bir1 has been
reported to protect yeast from cell death, but the detailedmechanisms
have not been delineated [50].
Despite the prominent differences between the molecular ma-
chinery of yeast cell death compared to other species, mounting
evidence supports the existence of gene-dependent death mechan-
isms in yeast. New evidence for the existence of potentially many
non-apoptotic cell death mechanisms in mammals increases the
likelihood that some of these pathways are represented in yeast. For
example, autophagy has been extensively studied in yeast, although
little is known about the role of autophagy in yeast cell death. Yeast as
a model system to study programmed cell death is still catching up to
ﬂies and worms, but these are early days.
In both ﬂies and worms, there is strong evidence for a role for
mitochondria as a docking site for proteins involved in cell death. In C.
elegans, the CED-9/CED-4 complex is localized to mitochondrial
membranes in healthy cells, and disruption of this complex by EGL-1
results in cell death [20–25]. In Drosophila, Rpr, Grim, and Hid have
been found to localize to mitochondria upon expression in Drosophila
S2 cells, and this localization is important for mitochondrial permea-
bilization and efﬁcient apoptosis activation [51–54]. The GH3 domain,
an amphipathic helix conserved between Grim, Rpr, and Skl, is
required for mitochondrial localization, possibly through associate
withHid,whichhas a hydrophobic C-terminalmitochondrial targeting
sequence [55]. In the absence of the Rpr GH3 domain, the IAP
inhibitory activity of Rpr is preserved, but killing activity and IAP
degradation are inhibited [52,53]. One possible interpretation of these
Fig. 1. (A) Mitochondria and apoptosis in Drosophila. Cell death in Drosophila is activated by Rpr, Hid, Grim, and Skl, which bind to DIAP1 and inhibit DIAP1's caspase inhibitory
function. The role of cytochrome c in Drosophila caspase activation is not well characterized; however, a role for the mitochondria in the apoptotic process is suggested by the several
ﬁndings, including Rpr, Grim, and Hid localization to the mitochondria. On initiation of apoptosis, Rpr and Hid are transcribed and rapidly localize to mitochondria, resulting in
changes in mitochondrial ultrastructure and Cyt-c release. Drp1-dependent mitochondrial disruption appears to be required for Drosophila apoptosis. Upon apoptosis induction,
dOmi is released into the cytosol, where it binds DIAP1 causing caspase activation. The role of Drosophila Bcl-2-like proteins Buffy and Debcl in ﬂy apoptosis remains unclear.
Additionally, despite a requirement of Dark for caspase activation, the role of Drosophila apoptosome in caspase activation is not well understood. (B) Mitochondria and apoptosis in
C. elegans. Two apoptotic pathways are at work in C. elegans. During apoptosis, the pro-apoptotic BH3-only protein EGL-1 binds to the anti-apoptotic Bcl-2-like protein CED-9,
thereby releasing the pro-apoptotic Apaf-1 like protein CED-4. Released CED-4 oligomerizes and promotes the processing of pro-caspase CED-3. CED-4 and active CED-3 form a
holoenzyme that triggers apoptosis (‘DIRECT’ pathway). In a parallel pathway, when bound to EGL-1, CED-9 adopts a pro-apoptotic conformation and activates the dynamin-related
protein DRP1. Active DRP1 promotes mitochondrial fragmentation and apoptosis by enhancing CED-3 processing or by acting in parallel to CED-3. The pro-apoptotic role of DRP1
could involve the release of potential pro-apoptotic factors (such as Cyt-c (CYC-2.1 or CYC-2.2) or an unknown factor X) but seems to be unrelated to its role in mitochondrial ﬁssion
(‘INDIRECT’ pathway). Later during apoptosis, the endonuclease CSP-6 and the AIF homologWAH-1 are released frommitochondria to degrade nuclear DNA, thereby participating in
the dismantlement of the cell.
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mitochondria [53,56]. Therefore, theGH3domain appears to be critical
for both Rpr mitochondrial localization and IAP destabilization. This
indicates that mitochondrial localization maybe important for Rpr
killing by DIAP1 destabilization, and not just DIAP1 inhibition [53]. In
yeast, the pro-death function of Dnm1 (Drp1) appears to occur at
mitochondria [57], and yeast AIF has been reported to translocate frommitochondria to the nucleus during death [58], but the subcellular
localization of most cell death regulators in yeast is not yet known.
3. The role of mitochondrial permeabilization
Mitochondrial outer membrane permeabilization (MOMP) has
been proposed as a “point of no return” of themitochondrial apoptotic
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stimuli that cause the release of Cyt-c and other pro-apoptotic
proteins from the intermembrane space of mitochondria into the
cytoplasm [59]. It is a rapid concerted process and affects most, if not
all, mitochondria and can occur in response to various stimuli and in
different cell types with or without caspase activity [60]. Unlike in C.
elegans, Bcl-2-family proteins in mammalian systems do not directly
regulate Apaf-1 but instead regulate (positively and negatively) the
earlier steps leading to release of Cyt-c from the mitochondria [61,62].
The role of the Drosophila Bcl-2 proteins in mitochondrial
permeabilization and cell death has not been yet fully characterized.
In Drosophila, there are two homologs of the Bcl-2/CED-9 family
proteins, Debcl/dBorg-1/dRob-1 and Buffy/dBorg-2 [63–65]. Both
Debcl and Buffy share the BH1, BH2, BH3, and C-terminal transmem-
brane domains of the Bcl-2 family of proteins [66,67]. Debcl has been
shown to localize to mitochondria, while Buffy localizes to the
endoplasmic reticulum [67]. Overexpression and knockdown studies
suggest that Debcl has a pro-apoptotic function [63,68,69] while Buffy
is antiapoptotic [70,71]. However, a recent study showed that loss of
Buffy can cause microchaete glial cell survival and blocks Grim
induced cell death in the eye, suggesting a pro-apoptotic role for Buffy
[72]. Moreover, Debcl has been suggested to protect against poly-
glutamine-induced death in the nervous system, which is antagonized
by Buffy expression [73]. This situation in ﬂies is potentially analogous
to the mammalian nervous system where pro-apoptotic mammalian
Bcl-2 proteins can exhibit potent anti-death activity [74,75]. Debcl
appears to have a limited role in Drosophila developmental apoptosis.
However, a recent study showed that Debcl can be effectively
recruited for killing by mammalian pro-apoptotic Bcl-2 gene family
members [68]. Debcl mutations appear to reduce irradiation-induced
cell death in the embryo [76], but they do not affect irradiation-
induced cell death in the wing, despite increased morphological
defects [68]. Gene disruption studies suggest that Debcl is required to
inhibit the antiapoptotic function of Buffy [76]. Surprisingly, loss of
Debcl does not appear to cause any defects in mitochondrial
organization in living cells or in mitochondrial fragmentation in
dying cells. In contrast, Buffy expression was shown to protect cells
from mitochondrial changes and apoptosis caused by loss of function
of Drosophila PTEN-induced kinase (Pink1) [71]. In summary,
controversies persist regarding the speciﬁc functions of ﬂy Bcl-2-like
proteins (Buffy and Debcl) in cell death. Additional functional studies
in vitro and in vivo are required to characterize the importance of
these proteins in Drosophila apoptosis.
Although further studiesmay demonstrate a role for theDrosophila
Bcl-2 proteins in regulating mitochondrial changes in apoptosis, it is
also possible that other proteins such as Rpr, Grim, and Hid have taken
over this function in ﬂies. Drosophila mitochondria are rapidly
permeabilized when Rpr or Hid are expressed, both in cultured S2
cells and in vivo [51]. Mitochondrial permeabilization was also seen
during DNA damage-induced apoptosis in ﬂy embryos. This permea-
bilization requires RHG gene function. These data indicate that Rpr
and Hid are both necessary and sufﬁcient for mitochondrial
permeabilization in Drosophila. Interestingly the GH3 domain of Rpr
and Grim appears to have a pro-apoptotic activity that is independent
of IAP inhibition and caspase activation, suggesting that this domain
might play a role in mitochondrial permeabilization and cell death
[52,77].
Little is known about mitochondrial permeabilization during C.
elegans apoptosis. The only protein shown to be released from
mitochondria in apoptotic cells is the AIF homolog, WAH-1 [78].
However, as discussed below, this release seems to be a late apoptotic
event. In addition, WAN-1, one of four adenine nucleotide transloca-
tors (ANT) in C. elegans, has been shown to have pro-apoptotic activity
[79]. Inmammals, ANT is thought to participate in the formation of the
Permeability Transition Pore (PTP) in the inner mitochondrial
membrane, although this is still under debate. The opening of thePTP during apoptosis has been proposed to cause mitochondrial
swelling, rupture of the outer mitochondrial membrane, and release
of pro-apoptotic factors localized in the inter membrane space [80].
Similarly, the mechanism by which WAN-1 exerts its pro-apoptotic
activity in C. elegans remains unclear. Surprisingly, WAN-1 has been
shown, by co-immunoprecipitation, to interact with CED-9 and CED-
4, and these interactions have been shown to be disrupted in the
presence of EGL-1 [79]. However, it is unclear how CED-9 and CED-4,
which are both localized on the surface of mitochondria, can interact
with an integral protein of the inner mitochondrial membrane. In
addition, there is no evidence that WAN-1 participates in the
permeabilization of C. elegans mitochondria during apoptosis. There-
fore, the role of WAN-1 in C. elegans apoptosis remains unclear.
In yeast, Cyt-c release from mitochondria during cell death has
been observed and suggested to promote cell death, but a causal role
is not ﬁrmly established [81,82]. Given the absence of BAX-related
proteins in yeast, the mechanism of Cyt-c release in yeast is unclear.
The conserved mitochondrial protein AAC/ANT (ADP/ATP carrier) has
been reported to be required for Cyt-c release in yeast and cell death
induced by acetic acid but not H2O2 [83]. Release of yeast Pep4,
homolog of mammalian cathepsin D, from vacuoles during yeast cell
death may play a role as well [84]. While intriguing, these events and
their role in executing the yeast cell death program have not been
fully investigated.
4. Release of pro-apoptotic factors from mitochondria
In mammals, the release of Cyt-c from intermembrane space of the
mitochondria into the cytoplasm occurs in response to a variety of
pro-apoptotic stimuli and is regulated by the Bcl-2 family proteins
[18,61,62]. Formation of the mammalian apoptosome, and subse-
quent caspase activation, requires Cyt-c binding to Apaf-1 [85].
Several keymitochondrial changes appear to be required for complete
Cyt-c release including changes in mitochondrial ultrastructure,
mitochondrial permeability, andmembrane potential [86]. In addition
to Cyt-c, proteins released from mitochondria during mammalian
apoptosis include apoptosis inducing factor (AIF), ARTS, SMAC/Diablo,
and Omi/HTRA2 [87–89].
In recent years, several lines of evidence have supported a role for
mitochondrial proteins inDrosophila apoptosis. Caspases inDrosophila
S2 cell extracts were shown to be activated by mitochondria from
apoptotic S2 cells, suggesting that mitochondrial factors contribute to
caspase activation [90]. By contrast, other studies, using cell-free
extracts, have found that mitochondrial lysates from apoptotic cells
are not able to induce or accelerate apoptosis in S2 extracts [91]. It is
important to note that these studies have used different apoptosis
inducers, for example, expression of exogenous pro-apoptotic
proteins vs. UV, which may have differing effects on mitochondria
[51].
Whether Cyt-c is released from mitochondria in Drosophila
apoptosis has also been a source of controversy. Earlier studies by
Varkey et al. reported exposure of a Cyt-c epitope in apoptotic cells
[90]. However, this epitope remains punctate, and the data were
interpreted to suggest that Cyt-C was still localized to mitochondria.
However, newer studies demonstrate that Cyt-c becomes rapidly
diffuse in dying cells [51]. These differences may be due to alterations
in the antibody staining procedure or differences in antibody epitopes.
Subcellular fractionation studies have also provided conﬂicting
evidence for Cyt-c release [37,51,90,92–94]. Again, these apparent
contradictions may be due to technical differences. Nevertheless,
unlike mammalian cells, studies in Drosophila indicate that Cyt-c
release is not the easily detectable indicator of apoptosis initiation in
ﬂies.
In mammals, knock-in experiments demonstrate a pro-apoptotic
role for Cyt-c in some, but not all, developmental apoptosis [95].
Numerous studies using tissue culture cells did not detect any role for
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demonstrate a role for Cyt-c in some developmentally important
caspase activation. Mutation of one of the two Cyt-c genes, cyt-c-d,
and loss of function of the Apaf-1 homolog Dark were found to cause a
disruption of caspase-dependent spermatid individualization, sug-
gesting that Dark and cyt-c-d might act together in caspase activation
in these cells, similar to the prevailing models for Apaf-1 and Cyt-c in
mammals [97–99]. Interommatidial cell death in the developing ﬂy
eye is also suppressed by lack of cyt-c-d, as well as by Dark mutation
[100]. Moreover, adult ﬂies lacking cyt-c-d also show an extra
scutellar bristle, another phenotype that is observed in Dark mutants.
Thus, in Drosophila, Cyt-c is apparently important for some apopto-
some-dependent caspase activation. Interestingly, similar to mam-
malian Apaf-1, Drosophila Dark contains the WD40 regulatory region
that binds to Cyt-c. However, structural characterization of the
Drosophila apoptosome showed that although DarkWD40 region is
important for Cyt-c binding, Drosophila apoptosome formation does
not appear to require Cyt-c and forms spontaneously with recombi-
nant proteins in vitro and without additional co-factors [101].
However, structural studies may not reﬂect the active form of the
proteins, so these data should be interpreted with some caution.
Studies in other insect models could facilitate understanding of the
role of mitochondrial proteins in cell death. A recent study in
Lepidopteran sf9 cells identiﬁed an important role for cytochrome c
in apoptosis and provided evidence for PTP-independent Cyt-c release
in sf9 cells [102]. Caspase activation in sf9 cell extracts was found to be
exclusively dependent on Cyt-c release.
The mammalian pro-apoptotic proteins Smac/Diablo, ARTS, and
Omi/HTRA2 are released from the mitochondria into the cytoplasm in
dying cells, with kinetics similar to that of Cyt-c. These pro-apoptotic
proteins can then bind to XIAP, an IAP protein, thereby preventing
XIAP from inhibiting caspases [103]. SMAC/Diablo is a putative
functional ortholog of the Drosophila RHG proteins. However,
activation of SMAC/Diablo activity by release from mitochondria is
quite different from the mechanism of activation of the Drosophila IAP
inhibitors, which are for the most part transcriptionally upregulated
in doomed cells [104].
The mammalian IAP antagonist, Omi/HtrA2, is constitutively
expressed and sequestered to the mitochondrial intermembrane
space before mitochondrial permeabilization [105,106]. It contains
both IAP binding and serine protease activities and exerts its pro-
apoptotic function through binding and cleavage of IAPs upon its
release into the cytoplasm following a pro-apoptotic stimulus. In
Drosophila, the homolog of this protein, dOmi, was recently described
[94,107]. Upon cellular insults such as UV irradiation, Drosophila dOmi
is released from the mitochondria and alleviates DIAP1 inhibition of
caspases by proteolytically degrading DIAP1. dOmi induces apoptosis
both in cultured cells and in the developing ﬂy eye [94,108].
Mammalian cell death induced by Omi overexpression can also
occur under caspase inhibiting conditions and in Apaf-1 and Caspase-
9 null cells [105,106]. dOmi also has a caspase-independent pro-
apoptotic activity dependent on its serine protease activity [94,108].
Interestingly, knockdown of dOmi was found to inhibit stress-induced
apoptosis in the ﬂy [107], in contrast to knockout mice lacking HtrA2/
Omi, which shows increased stress-induced apoptosis and neurode-
generation [109].
Apoptosis-inducing factor (AIF) is another mitochondrial protein
released during death. AIF can translocate to the nucleus following an
apoptotic stimulus and triggers DNA degradation and chromatin
condensation in mammals [110]. AIF is one of several related
oxidoreductase-like factors encoded from mammals to yeast. Mam-
malian AIF has dual functions, a pro-apoptotic activity in the nucleus
via its DNA binding and an anti-apoptotic activity via the scavenging
of free radicals through its oxidoreductase activity [111]. Similarly,
knockout of the Drosophila homolog of AIF suggests both pro-survival
and pro-apoptotic functions for this protein [112]. Drosophila AIFknockout causes lethality at early larval stages, with reduced ATP and
reduced apoptosis in the developing embryo. Expression of a
truncated AIF induced cell death in the eye; however, this phenotype
was suppressed by DIAP1 or DIAP2, suggesting that AIF induces cell
death through a caspase-dependent mechanism, either directly or
indirectly through stress pathways.
Even though apoptosis-related mitochondrial permeabilization is
not well understood in C. elegans, several mitochondrial proteins,
including WAH-1 and CPS-6, as well as CYC-2.1 and CYC-2.2, the two
cytochromes c of C. elegans, are good candidates for pro-apoptotic
factors released frommitochondria during apoptosis. Mutation in the C.
elegans cps-6 gene, which encodes the homolog of the mammalian
endonuclease G (endoG), causes a delay in apoptosis in C. elegans [113].
Interestingly, CPS-6 has been shown to cooperate with WAH-1, the
homolog of the mammalian apoptosis inducing factor (AIF) to degrade
nuclearDNA [78]. These twoproteins localize tomitochondria.Whereas
it has not been determined whether CPS-6 is released from mitochon-
dria during apoptosis, it has been shown that EGL-1 can induce the
release of WAH-1 from mitochondria [78]. The mechanism by which
WAH-1 is released is currently unknown. However, it is thought to be
dependent on the activity of the caspase CED-3, and hence represents a
late event that occurs after the cell has committed to die.
How cytochrome c might function in C. elegans apoptosis remains
unclear. Unlike Apaf-1 in mammals and Dark in Drosophila, CED-4
does not contain a WD40 repeat domain, which is responsible for the
binding of Cyt-c to Apaf-1. It has therefore always been assumed that
Cyt-c does not bind to CED-4 and does not play a role in C. elegans
apoptosis. In fact, a high-resolution structural study of the CED-4
apoptosome was recently reported [29]. The CED-4 apoptosome is a
cone-shaped octamer, a fundamentally different structure than the ﬂy
or mammalian apoptosome. To our knowledge, it has not been tested
whether inactivating the cyc-2.1 and/or cyc-2.2 gene compromises
apoptosis, whether the CYC-2.1 and/or CYC-2.2 proteins are released
from mitochondria during apoptosis, whether they bind to CED-4 (by
a mechanism different from the one discovered in mammals), or
whether they can enhance CED-4-induced CED-3 processing. In
conclusion, more experiments need to be done to determine whether
Cyt-c play a role in C. elegans apoptosis or not.
Whereas two homologs of the inhibitor of apoptosis proteins (IAP)
exist in C. elegans (BIR-1 and BIR-2), neither of them play a role in
apoptosis [114]. It is therefore not surprising that no homologs of the
pro-apoptotic factors Smac/DIABLO and Omi/Htra2 have been
identiﬁed in C. elegans. However, it remains possible that other
mitochondrial proteins play a pro-apoptotic role in C. elegans. These
proteins might not have been identiﬁed yet if they support an
essential mitochondrial function and cause early embryonic lethality
when inactivated.
The yeast Saccharomyces cerevisiae encodes homologs of AIF and
Htra2/Omi, and these factors have been implicated in promoting cell
death. Yeast Aif1 (YNR047C), an NADH oxidoreductase, was named
after its mammalian ortholog AIF (apoptosis inducing factor).
Translocation of yeast Aif1 from mitochondria to the nucleus is
suggested to degrade DNA and promote yeast cell death, which is
supported by the ﬁnding that AIF1 gene deletion leads to increased
survival [58]. The Aif1-related yeast protein Ndi1 (internal NADH
dehydrogenase), but not the related protein Nde1 (external NADH
dehydrogenase), is reported to promote yeast cell death when
overexpressed, but deletion of either gene increases chronological
lifespan [115]. In contrast, expression of yeast Ndi1 in Drosophila
neurons was recently reported by two groups to increase Drosophila
lifespan [116,117], and there is interest in exploring the potential
application of this single chain NADH-quinone oxidoreductase to the
treatment of complex I deﬁciencies in Parkinson's disease [118].
While yeast Ndi1 may contribute importantly to yeast cell death, a
physiological or evolutionary role in yeast programmed cell death is
challenging to prove.
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ortholog of four mammalian mitochondrial serine proteases including
Htra2/Omi. Deletion of the NMA111 gene increases yeast survival
following heat shock treatment, while overexpression of Nma111
promotes death in a manner that requires its serine protease activity
[119]. Further information about the substrates of the Nma111
protease or how cleavage of these substrates promotes death would
help to conﬁrm the importance of Nma111 in programmed yeast
death. The yeast mitochondrial nuclease Nuc1, ortholog of the pro-
death nuclease EndoG, also may promote death in yeast [120].
5. Alterations in mitochondrial morphology and structure
Mitochondria are highly dynamic organelles that undergo ﬁssion
and fusion in living cells, with shapes ranging from short isolated
organelles to interconnected networks [121]. Morphological changes
at the level of single mitochondria, as well as changes in the dynamics
of mitochondrial ﬁssion and fusion, are associated with cell death
[122].
In mammals, mitochondrial ﬁssion requires several proteins
including dynamin-related protein 1 (DRP1/DLP1), Fis1, endophilin
B1/Bif-1, MTP18, GDAP1, and DAP3 [123–132]. On the other hand,
fusion requires three large GTPases: the mitofusins (Mfns) Mfn1 and
Mfn2, and the dynamin-related protein OPA1 [133–136]. Mitochon-
drial fragmentation has been shown to increase signiﬁcantly during
programmed cell death in mammals, yeast, worms, and ﬂies
[57,68,137–139]. Overexpression of a dominant negative DRP1 or
knockdown of DRP1 with RNAi or mutation results in decrease
mitochondrial fragmentation after apoptosis induction in all four
model systems [68,137–140].
Interestingly, mitochondrial fragmentation in mammalian cells is
associated with permeability of the outer mitochondrial membrane
(MOMP), a hallmark of apoptosis [141–143]. Mitochondrial swelling
is one likely mechanism by which pro-apoptotic proteins are released
in response to the permeabilization of the outer mitochondrial
membrane and can be observed in ﬂy cells as well as in mammalian
cells [51,144]. In mammals, MOMP can occur in a caspase-indepen-
dent fashion [145], or in a caspase-dependent fashion [146], although
there is some controversy in this regard.
Upon apoptotic stimulation, ultrastructural changes, such as
swelling, can be detected in both mammalian and Drosophila cells
[51,147]. Interestingly, apoptosis induced by expression of Reaper or
Hid causes caspase-dependent changes in the mitochondrial ultra-
structure [51]. DRP1 inhibition results in mitochondrial fusion and
signiﬁcantly inhibits caspase activation and apoptosis in ﬂies [51],
while it delays caspase activation in mammals [148]. One possibility is
that the ﬁssion machinery may contribute to mitochondrial mem-
brane permeabilization and release of pro-apoptotic factors [122].
Another explanation is that sites of mitochondrial ﬁssion might serve
as scaffolding for the localization of other pro-apoptotic proteins, as
seen with Bax in mammalian systems [149]. It is also possible that
DRP1 has a role in apoptosis independent of its role in mitochondrial
dynamics [139].
In C. elegans, mitochondrial fusion and ﬁssion are under the control
of these GTPases. FZO-1 and EAT-3, the homologs of mammalian
mitofusin and Opa1, are required for the fusion of the outer and inner
mitochondrial membranes, respectively [150–152]. On the other
hand, DRP1, the homolog of mammalian DRP1/DLP1, is required for
mitochondrial ﬁssion [153]. Jagasia et al. showed that mitochondria
undergo DRP1-dependent excessive ﬁssion (a process referred to
hereafter as ‘mitochondrial fragmentation’) early during the apoptotic
process [139]. Interestingly, blocking mitochondrial fragmentation by
overexpressing a dominant negative DRP1 protein (DRP1(K40A))
prevents the death of 20% of the cells that are normally programmed
to die. Conversely, inducing mitochondrial fragmentation by over-
expressing a wild-type DRP1 protein causes the death of cells, whichare normally programmed to survive. Consistent with these results,
Breckenridge et al. showed that drp-1 loss-of-function mutation (drp-
1(tm1108)) enhances the partial block in cell death caused by a weak
ced-3 or ced-4 loss-of-function mutation [152] [Y Lu, B. Conradt,
unpublished observation]. Together, these studies demonstrate that C.
elegans DRP1 has pro-apoptotic activity. However, whether DRP1's
pro-apoptotic activity is related to its ability to cause mitochondrial
ﬁssion remains unclear. If the mitochondrial fragmentation process
per se is required for apoptosis induction, one would expect that
blocking mitochondrial fusion causes the same ectopic cell death as
observed when inducing mitochondrial fragmentation. In contrast,
mutants carrying a loss-of-function mutation in the gene fzo-1 do not
show any increase in cell death despite a clear mitochondrial
fragmentation phenotype [152]. Similarly, the loss of eat-3 function
causes mitochondrial fragmentation but no apparent cell death
phenotype [150]. These observations point toward a role of DRP1 in
apoptosis independent of its role in mitochondrial ﬁssion. However,
the analysis of the latter worm mutations has so far been focused on
developmental cell death. In mammals, blocking mitochondrial fusion
by inactivating mitofusin does not cause increased apoptosis on its
own but sensitizes cells to external apoptotic stimuli [154]. Therefore,
to completely rule out a role for mitochondrial fusion proteins in C.
elegans apoptosis and consequently rule out a role for the ﬁssion
activity of DRP1 in apoptosis, it will be necessary to test the effect of
external apoptotic stimuli (such as radiation on germ cell death) in
mitochondrial fusion defective mutants.
Interestingly, Jagasia et al. showed in C. elegans that the DRP1-
dependent mitochondrial fragmentation in apoptotic cells is depen-
dent on CED-9 and EGL-1 [139]. Two apoptotic pathways might
therefore be at work in C. elegans (Fig. 1B) [30]. On one hand, the
binding of EGL-1 to CED-9 causes the release of CED-4, leading to the
activation of CED-3 (‘direct’ pathway of apoptosis induction). On the
other hand, when bound to EGL-1, CED-9 adopts a pro-apoptotic
conformation and stimulates the pro-apoptotic activity of DRP1
through a mechanism that remains to be determined (‘indirect’
pathway of apoptosis induction). Recent work shows that Bcl-2-like
proteins can interact with and regulate dynamin-related GTPases
[155–159]. Speciﬁcally, in C. elegans, CED-9 has been shown to
interact with FZO-1 and to promote mitochondrial fusion in healthy
cells [157]. Therefore, one possible mechanism is that EGL-1-bound
CED-9 directly interacts with and activates DRP1 in dying cells.
Yeast mitochondria, like in other species, undergo dramatic
organelle fragmentation during programmed cell death
[140,160,161]. This fragmentation is mediated in part by the yeast
homolog of DRP1, Dnm1, and an additional yeast ﬁssion factor for
which human/ﬂy/worm orthologs are not known, Mdv1. This WD40
repeat protein is suggested to facilitate the interaction of Dnm1 with
the conserved membrane-anchored Fis1 protein [57,162,163]. Like
other species, Dnm1/Drp1 also promotes yeast cell death because
deletion of the DNM1 gene in yeast results in increased survival
following a death stimulus, even though this deletion strain grows
essentially indistinguishably from wild type under normal condi-
tions [57]. Because Dnm1 deletion strains are resistant to several
different death stimuli (including heat, acidic pH, and H2O2), Dnm1
appears to be a common downstream effector of cell death.
Overexpression of Dnm1 does not appear to be sufﬁcient to kill
yeast, but further addition of a death stimulus, which is apparently
required to activate the death function of Dnm1, leads to a striking
increase in cell death that can be inhibited bymammalian Bcl-2 family
proteins [57]. Also similar to other species, a dominant negative Dnm1
that inhibits yeast mitochondrial ﬁssion also protects yeast from cell
death.
The yeast cell death mediated by endogenous or overexpressed
Dnm1 is partially dependent on the metacaspase Yca1/Mca1, which
has distant amino acid sequence similarity to mammalian/worm/ﬂy
caspases, but is more closely related to bacterial proteases [164]. Yca1
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death stimuli, including yeast killer viruses, but neither Yca1 nor yeast
Aif1 contributes to cell death that occurs by ammonia-dependent
signaling and quorum sensing [40,47,165,166]. Yca1 apparently does
not cleave after aspartate residues and therefore does not conform to
the deﬁnition of a c-asp-ase so strictly adhered to by true caspases,
suggesting that alternative non-apoptotic death mechanisms may be
involved [167]. The mechanism by which Yca1 mediates yeast cell
death is not yet delineated.
Although Fis1 can promote mitochondrial ﬁssion and cell death in
mammals, the yeast deletion strain is exquisitely sensitive to all cell
death stimuli tested thus far. However, this death phenotype is not
due to the loss of FIS1 function, at least not directly. Whole genome
sequencing identiﬁed secondary mutations in three independently
derived FIS1 knockout strains, each with a unique inactivating
nonsense mutation in WHI2, and this mutation in WHI2 is solely
responsible for the cell death phenotype [168]. The hypothesis that
deletion of FIS1 is sufﬁcient to drive the selection for WHI2 mutations
is supported by the ﬁnding that FIS1-only knockouts have a
mitochondrial defect resulting in petite formation (presumed loss of
respiratory capacity) that is rescued by the WHI2 mutation [168].
However, the cell death inhibitory function of WHI2 is uncharacter-
ized. It is further possible that many other single gene deletions in
yeast (and other species) will drive the selection for compensatory
mutations that provide small growth and survival advantages and
that these have gone unnoticed thus far because programmed cell
death is still not a mainstream topic in yeast genetics.
6. Non-mammalian models of human diseases
Mutations in PINK1, a mitochondrial Ser/Thr kinase, and Parkin, an
E3 ubiquitin ligase, were identiﬁed as a cause of familial Parkinson's
disease. In Drosophila, Pink1 mutation leads to defects in spermatid
individualization, progressive apoptotic death of ﬂight muscles
[71,169,170] and loss of dopaminergic neurons [71,170]. Pink1
accumulation on mitochondria was shown to be important for Parkin
recruitment to mitochondria [171]. Interestingly, Parkin was found to
be involved in targeting of mitochondria to autophagosomes and
mitophagy [172]. Tissue-speciﬁc phenotypes observed in Drosophila
parkin mutants may result from mitochondrial dysfunction [173].
Moreover, Pink1 or Parkin mutants were found to closely interact
with the regulators of mitochondrial ﬁssion and fusion in Drosophila.
For example, expression of DRP1 or knockdown of Drosophila MFN
(dMfn or MARF) or Opa1 suppresses Pink1 and Parkin phenotypes.
Loss of one copy of DRP1 is lethal in Pink1 and parkin mutant
backgrounds [174]. dMfn ubiquitination was suggested to be a
mechanism by which terminally damaged mitochondria are labeled
and sequestered for degradation by autophagy [175].
Parkinson's disease has also been associated with point mutations
in HtrA2/Omi, and the phosphorylation of HtrA2/Omi was reduced in
patients with a PINK1 mutation. In Drosophila, dOmi has been
reported to interact with Pink1 or Parkin [176], and loss of dOmi
can partially suppress phenotypic changes caused by PINK1 over-
expression. In Omi/HtrA2 knockout mouse embryonic ﬁbroblasts, as
well as in Omi/HtrA2 silenced human HeLa cells and Drosophila S2R+
cells have elongated mitochondria and abnormal cristae struc-
ture [177]. Moreover, PINK1 overexpression can cause a rough eye
phenotype that is suppressed by loss of both dOmi and Parkin. These
observations contradict a previous report where loss of dOmi did not
cause mitochondrial defects and did not suppress Pink1 overexpres-
sion phenotypes [176]. Further investigations are required to clarify
this contradiction.
Mutation in the leucine-rich repeat kinase 2 (LRRK2) gene,
currently recognized as the one of the most common genetic players
involved in Parkinsonism, was shown to contribute to speciﬁc
neurological disorders. Overexpressing various human LRRK2 allelesin ﬂies causes late-onset loss of dopaminergic neurons accompanied
by locomotion deﬁcits. Importantly, coexpression of human parkin in
LRRK2 G2019S-expressing ﬂies signiﬁcantly protected against neuro-
degeneration [178].
The Drosophila gene CG4589 is the ortholog of LETM1, a candidate
gene for the haplo-insufﬁciency seizure phenotype of Wolf-Hirsch-
horn syndrome (WHS) patients. LETM is required for normal
mitochondrial morphology and cell viability [179]. Using RNAi
approaches in both Drosophila cultured cells and the adult ﬂy,
depletion of DmLETM1 caused roughening of the adult eye,
mitochondrial swelling, and developmental lethality in third-instar
larvae, possibly as a result of deregulated mitophagy [180].
LRK-1 and PINK-1, the C. elegans homologs of the two Parkinson
disease-related kinases LRRK2 and PINK1, have been shown to play
roles in oxidative and ER stress responses as well as neurite outgrowth
[181]. A recent study also showed that overexpression of lrk-1
transgenes carrying Parkinson's-disease-associated mutations in C.
elegans dopaminergic neurons caused age-dependent neurodegen-
eration and locomotion defects [182].
Exploitation of yeast as a model system has laid the groundwork
for subsequent work on a wide range of human disease genes related
to mitochondrial disorders [183,184], metabolic disorders [185–187],
aging [188,189], neurodegeneration [190,191], and cancer [192], often
leading to major new lines of research. Perhaps the most unexpected
application of yeast genetics is in the study of neurodegeneration,
where yeast have contributed importantly to our understanding of the
mechanisms of protein misfolding and aggregation common to
Huntington's disease (HD), Parkinson's disease (PD), and Alzheimer's
disease (AD) [193–195]. The analysis of human alpha-synuclein in
yeast revealed vesicle trafﬁcking defects and mitochondrial dysfunc-
tion as potential mechanisms involved in the neurodegenerative
effects of alpha-synuclein in Parkinson's disease. A small molecule
screen using this model system has recently identiﬁed a class of small
molecules that signiﬁcantly inhibits the toxic effects of alpha-
synuclein on vesicle trafﬁcking and mitochondria in both yeast and
neurons [196]. The identiﬁcation and function of mitochondrial ﬁssion
and fusion factors in ﬂies and yeast were instrumental to advance-
ments in understanding the mitochondrial defects caused by muta-
tions in their human homologsMFN2 (yeast FZO1) that cause Charcot-
Marie-Tooth (CMT) subtype 2A, and OPA1 (yeast MGM1) that causes
autosomal dominant optic atrophy (ADOA) [163]. Yeast are being
applied to the study of multiple additional human neurological
disease genes, such as FRDA (yeast YFH1), the cause of Friedreich
ataxia [197], Batten disease caused by mutations in human BAN1
(yeast CLN3) [198,199], Niemann-Pick disease caused by a mutation
in NPC1 (yeast NCR1) [200,201], as well as SOD1 in ALS [202], SPG7
(yeast AFG3 and RCA1) in hereditary spastic paraplegia (HSP) [203],
ABCD1 (yeast PXA1/2) in X-linked adrenoleukodystrophy (ALD)
[204], and many more. However, few have yet exploited yeast for
studying programmed cell death related to cancer or other human
disorders.
7. Conclusions and future prospects
In sum, many conserved mechanisms for mitochondrial involve-
ment in apoptosis have been proposed in non-mammalian eukar-
yotes. Mitochondrial permeabilization has been suggested to occur in
both ﬂies and yeast; however, this ﬁnding is still under discussion, and
the role of the released Cyt-c in apoptosis in these non-mammalian
models remains unclear. Recently, involvement of fusion and ﬁssion
proteins in the mitochondrial pathway of cell death appears to be a
more conserved event between mammals, ﬂies, worms, and yeast.
Moreover, mitochondrial fragmentation has been documented to be a
feature of mammalian and non-mammalian eukaryotic apoptosis. The
incomplete state of our knowledge of the mitochondrial death
pathways may explain the differences between various species.
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sophisticated mitochondrial mechanisms regulating the decision
whether a eukaryotic cell lives or dies. In addition, the non-
mammalian eukaryotes have been shown to be useful models to
understand the mechanisms of human disease as they relate to the
mitochondrial pathway of cell death. Thus, continued research into
the mitochondrial contribution to cell death in model organisms is
likely to provide important insight in the future.
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